Müller glia cells and the retinal pigment epithelium (RPE) are essential supporting cells within the neuroretina, providing architectural as well as functional support to retinal neurons. In rodents, Müller glia cells become reactive in response to diabetes,^[@i1552-5783-57-7-3496-b01][@i1552-5783-57-7-3496-b02][@i1552-5783-57-7-3496-b03]--[@i1552-5783-57-7-3496-b04]^ displaying elevated levels of GFAP, dedifferentiation as identified by mislocalization of Kir4.1 voltage-dependent potassium channels, and a decreased potassium conductance after prolonged periods (4+ months) of disease.^[@i1552-5783-57-7-3496-b05][@i1552-5783-57-7-3496-b06]--[@i1552-5783-57-7-3496-b07]^ Müller glia cells further contribute to the progression of diabetic retinopathy and neovascularization by secretion of angiogenic factors and cytokines and their own apoptosis.^[@i1552-5783-57-7-3496-b06],[@i1552-5783-57-7-3496-b08][@i1552-5783-57-7-3496-b09]--[@i1552-5783-57-7-3496-b10]^

The RPE also displays significant functional defects as a result of diabetes, exhibiting perturbations in movement of water out of the subretinal space (SRS), ion and nutrient transport, secretion of cytokines and growth factors, and transcellular permeability, each of which occurs prior to the development of vision-threatening diabetic macular edema.^[@i1552-5783-57-7-3496-b11][@i1552-5783-57-7-3496-b12][@i1552-5783-57-7-3496-b13][@i1552-5783-57-7-3496-b14][@i1552-5783-57-7-3496-b15][@i1552-5783-57-7-3496-b16][@i1552-5783-57-7-3496-b17][@i1552-5783-57-7-3496-b18][@i1552-5783-57-7-3496-b19]--[@i1552-5783-57-7-3496-b20]^ It has further been suggested that RPE damage contributes to and may be predictive of progression to proliferative retinopathy.^[@i1552-5783-57-7-3496-b21],[@i1552-5783-57-7-3496-b22]^

The functional properties of the RPE can be evaluated using the direct current-coupled electroretinogram (dc-ERG).^[@i1552-5783-57-7-3496-b23],[@i1552-5783-57-7-3496-b24]^ The amplitude of the dc-ERG is reduced in diabetes.^[@i1552-5783-57-7-3496-b23],[@i1552-5783-57-7-3496-b25][@i1552-5783-57-7-3496-b26][@i1552-5783-57-7-3496-b27]--[@i1552-5783-57-7-3496-b28]^ In evaluating the changes, it is important to recognize that the components of the dc-ERG waveform reflect the activity of multiple retinal cell types.^[@i1552-5783-57-7-3496-b24],[@i1552-5783-57-7-3496-b29]^ For example, the c-wave is generated mainly by the summation of two opposite polarity signals. One is a positive polarity waveform that stems from the hyperpolarization of the apical membrane of the RPE, generated in response to a light-driven decrease in subretinal \[K+\] induced by rod photoreceptor activity.^[@i1552-5783-57-7-3496-b30],[@i1552-5783-57-7-3496-b31]^ The other is a negative polarity waveform (termed "slow PIII") that also reflects the hyperpolarization of Müller glial cells due to the decrease in subretinal \[K+\].^[@i1552-5783-57-7-3496-b32],[@i1552-5783-57-7-3496-b33]^ These two waveforms add to define the c-wave recorded at the corneal surface.^[@i1552-5783-57-7-3496-b24],[@i1552-5783-57-7-3496-b34]^ Both components are initiated by a common stimulus, the change in K+ due to light stimuli. Although the positive apical RPE response and slow PIII overlap substantially, slow PIII has a faster onset and a faster time-to-peak before being interrupted by the positive polarity RPE response. This was demonstrated by Lurie and Marmor,^[@i1552-5783-57-7-3496-b35],[@i1552-5783-57-7-3496-b36]^ who used aspartate to remove the b-wave, and is also revealed in the ERG waveform of mouse b-wave mutants, where slow PIII follows the a-wave and reaches a steady state that is then interrupted by the onset of the positive-polarity RPE response. This is inconsistent with a model in which these components have identical kinetics. The faster kinetics of slow PIII has been attributed to its proximity to the rod photoreceptor inner segments.^[@i1552-5783-57-7-3496-b33],[@i1552-5783-57-7-3496-b37]^ The net result is that the response properties of slow PIII can be measured in relative isolation by removing the b-wave and focusing on early time points.^[@i1552-5783-57-7-3496-b24],[@i1552-5783-57-7-3496-b34],[@i1552-5783-57-7-3496-b38]^

Since the c-wave reflects two underlying components, changes in either slow PIII or the apical RPE response will impact c-wave amplitude. In the absence of any other changes, an increase in slow PIII will result in a smaller c-wave, while a reduction in slow PIII leads to an increase in c-wave amplitude.^[@i1552-5783-57-7-3496-b24]^ Recently, we demonstrated that after 2 weeks of streptozotocin (STZ)-induced hyperglycemia, C57BL/6J mice exhibited lower amplitudes in three components of the dc-ERG: the c-wave, fast oscillation, and off response.^[@i1552-5783-57-7-3496-b23]^ Because the ERG a-wave was unaffected, these changes could not be attributed to altered photoreceptor function, which provides the signal that drives these components. Müller glia cells become activated and display reductions in slow PIII after 4 weeks of hyperglycemia.^[@i1552-5783-57-7-3496-b39]^ However, this is generally thought to occur as a result of oxidative stress or injury which is not common to mouse models of diabetes at these early time points following onset of hyperglycemia.^[@i1552-5783-57-7-3496-b05],[@i1552-5783-57-7-3496-b06],[@i1552-5783-57-7-3496-b40]^ Therefore, a different mechanism may underlie the reductions in the dc-ERG components immediately following onset of hyperglycemia. We hypothesized that hyperglycemia could result in an increased slow PIII response that would in turn reduce the c-wave amplitude at early time points.

Historically, slow PIII has been isolated pharmacologically, using glutamate analogs to block synaptic transmission between the photoreceptor and depolarizing bipolar cell.^[@i1552-5783-57-7-3496-b41],[@i1552-5783-57-7-3496-b42]^ Since this approach is not suitable for a long-term study, we used a genetic approach which allows for the study of multiple time points without the requirement for intraocular injection. Several mouse mutants harbor a mutation in a component of the depolarizing bipolar cell signal transduction cascade.^[@i1552-5783-57-7-3496-b43]^ These models allow slow PIII to be measured in vivo without any other experimental manipulation.^[@i1552-5783-57-7-3496-b34],[@i1552-5783-57-7-3496-b38],[@i1552-5783-57-7-3496-b44]^ In the present study we used the *Nyx^nob^* mouse,^[@i1552-5783-57-7-3496-b38],[@i1552-5783-57-7-3496-b45],[@i1552-5783-57-7-3496-b46]^ which carries a mutation in the nyctalopin gene, to examine the response of the slow PIII to STZ-induced diabetes. By extension, these studies allowed us to determine the extent to which the c-wave abnormalities noted in earlier work^[@i1552-5783-57-7-3496-b23]^ reflect a primary effect on the RPE generator of the c-wave, or a secondary effect of a change in generation of slow PIII by Müller cells.

Our results demonstrate that electrophysiological changes of the RPE in response to diabetes occur prior to reductions in the Müller glia and photoreceptor responses, revealing a direct functional challenge to the RPE as a result of hyperglycemia. We further detail subtle early morphological changes to the RPE identified in the absence of alterations to the inner neuroretina.

Methods {#s2}
=======

Ethical Approval {#s2a}
----------------

All animals were treated in accordance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research, and all animal procedures were approved by the Institutional Animal Care and Use Committees at the Louis Stokes Cleveland VA Medical Center and the Cleveland Clinic.

### Mouse Model of Type 1 Diabetes. {#s2a1}

We obtained *Nyx^nob^* mice (backcrossed to C57BL/6J for 10 generations) from a local breeding colony. At ages 4 to 8 weeks, littermates were randomly assigned to diabetic (STZ) or nondiabetic control (CNTL) groups. Diabetes was induced by three sequential daily intraperitoneal injections of a freshly prepared solution of STZ in 0.1 M citrate buffer (pH 4.4) at 30 mg/kg body weight. Mice in the control group received citrate buffer in the same intervals as the STZ. Insulin was given to diabetic mice by intraperitoneal injection every other day, as needed, to prevent ketosis without preventing hyperglycemia and glucosuria (0--0.2 units of neutral protamine Hagedorn \[NPH\] Humulin N; Eli Lilly and Co., Indianapolis, IN, USA). Sterile saline was also administered as needed for dehydration. Body weight and nonfasting blood glucose were measured using a glucometer (One-Touch Ultra; Bio-Rad Laboratories, Hercules, CA, USA). All control mice exhibited blood glucose levels ≤250 mg/dL for the duration of the study. All mice injected with STZ became diabetic within 5 days of the final STZ injection and maintained blood glucose levels ≥250 mg/dL.

Western Blot Analysis {#s2b}
---------------------

Following euthanasia, eyes were enucleated and placed in ice-cold PBS (pH 7.4). Retinas were dissected from eyecups and lysed in radioimmunoprecipitation assay buffer (Cell Signaling, Danvers, MD, USA) with complete protease inhibitors and phosphatase inhibitors (Roche, Indianapolis, IN, USA). Protein lysates (20 μg) were run on a 4% to 15% gradient gel by SDS-PAGE and transferred to a polyvinylidene fluoride membrane overnight. Membranes were blocked in 5% milk in Tris-buffered saline with 0.1% Tween 20 (TBS-T, pH 7.4) for 1 hour at room temperature (RT) and incubated with primary antibodies (rabbit anti-Kir4.1, 1:400 in 1% BSA; Millipore Corp., Billerica, MA, USA, and mouse anti-GAPDH, 1:1000 in 2% BSA; Abcam, Cambridge, UK) overnight at 4°C. Following 3 × 15 minute wash with TBS-T, horseradish peroxidase--conjugated secondary antibodies (1:20,000 in 5% milk TBS-T) were incubated for 1 hour at RT. Membranes were washed 4 × 15 minutes with TBS-T then rinsed once in TBS. Proteins were detected by chemiluminescene (Western Lightning ECL Pro; Perkin Elmer, Waltham, MA, USA). Densitometry was performed using ImageJ analysis of scanned films (<http://imagej.nih.gov/ij/>; provided in the public domain by the National Institutes of Health, Bethesda, MD, USA).

Electroretinography {#s2c}
-------------------

After overnight dark adaptation, mice were anesthetized (65 mg/kg sodium pentobarbital); the cornea was anesthetized (1% proparacaine hydrochloride); and the pupils were dilated (1% tropicamide, 2.5% phenylephrine hydrochloride, and 1% cyclopentolate). Mice were placed on a temperature-regulated heating pad throughout each recording session. The protocols used to record ERG components generated by the outer neural retina and the RPE have been described elsewhere.^[@i1552-5783-57-7-3496-b23]^ In brief, responses of the outer retina were recorded on a full-field Ganzfeld stimulator (Espion E3 ColorDome; Diagnosys, LLC, Lowell, MA, USA) with a Ag/AgCl electrode referenced to a Ag/AgCl pellet electrode placed in the mouth of the mouse. Ten steps of strobe-flash stimuli were presented in the dark in order of increasing stimulus strength (−3.6 to 2.1 log scot cd/m^2^) and the number of successive trials averaged together decreased from 20 for low-level flashes to 2 for the highest flash stimuli. The duration of the interstimulus interval increased from 4 seconds for low stimulus flashes to 90 seconds for the highest stimuli. The amplitude of the a-wave was measured 6.6 ms after flash onset from the pre-stimulus baseline. The amplitude of the slow PIII was measured from the baseline to the minimum value of the negative curve, approximately 100 ms. Immediately following the dark-adapted strobe-flash stimuli, components of the dc-ERG were recorded in response to a 5 cd/m^2^ stimulus presented for 7 minutes. The amplitude of the c-wave was measured from the prestimulus baseline to the peak of the c-wave. The amplitude of the fast oscillation was measured from the c-wave peak to the trough of the fast oscillation. The amplitude of the light peak was measured from the fast oscillation trough to the asymptotic value. The amplitude of the off-response was measured from the light peak asymptote to the peak of the off-response. The time span in which we evaluate slow PIII and the c-wave are greatly different and demonstrate that in response to a strobe flash stimulus, each waveform component has a different time-to-peak and can be evaluated separately. Slow PIII is evaluated in a 250 ms recording in response to a strobe flash stimulus. In this recording, slow PIII peaks at ∼100 ms and the c-wave is not apparent. Yoshimura et al.^[@i1552-5783-57-7-3496-b47]^ demonstrated in rabbits that in response to stimulus of less than 2 seconds, the slow PIII peak occurs well prior to the c-wave and further notes that at stimuli of 500 lux intensity, the peak time of the c-wave is longer than that of the slow PIII for stimulus durations of less than 3.5 seconds and almost the same at more than 3.5 seconds.^[@i1552-5783-57-7-3496-b47]^ In our study, we utilized the 7-minute stimulus to observe the response of the RPE, which remains confounded by the slow PIII. The strobe flash was used evaluate slow PIII in the same mice at the same time points of diabetes.

Retina and RPE Flat-Mounts {#s2d}
--------------------------

Eyes were enucleated and fixed in 4% paraformaldehyde (PFA) for 1 hour prior to dissection. Retinas were separated from RPE/sclera and fixed for an additional 2 hours in 4% PFA. Tissues were blocked in 1% BSA + 5% goat serum in 0.05% Triton X-100 in PBS (PBS-T) overnight. Retinas were incubated in peanut agglutinin (PNA)-conjugated 594 (1:100 in PBS-T, Invitrogen, Carlsbad, CA, USA) for 1 hour at RT in the dark or overnight at 4°C. We incubated RPE/scleras in phalloidin-conjugated 488 (1:10 in PBS, Sigma-Aldrich Corp., St. Louis, MO, USA) for 1 hour at RT in the dark or overnight at 4°C. Tissues were washed 4 × 5 minutes in PBS, and incubated in secondary antibody (1:500, AlexaFluor 488 or 594 in PBS-T; Life Technologies, Carlsbad, CA, USA) for 1 hour at RT. Tissues were washed 3 × 10 minutes in PBS-T and counterstained in DAPI (1:10,000 in PBS; Thermo Fisher Scientific, Waltham, MA, USA) prior to flat-mounting on slides. We imaged RPE flat-mounts with a fluorescence/differential interference contrast microscope (BX-61; Olympus Corp., Tokyo, Japan), equipped with a charge-coupled device monochrome camera (Hamamatsu Photonics, Bridgewater, NJ, USA). Medial and lateral micrographs of phalloidin were captured (SlideBook software, version 4.2; Intelligent Imaging Innovations, Denver, CO, USA) for each of the four petals of each flat-mount from at least three animals per group per time point. At least 25 cells per micrograph were analyzed using ImageJ software to determine RPE cell size. Staining of retinal flat-mounts with PNA was also captured and measured from low magnification micrographs of each flat-mount from at least three animals per group per time point.

Light Microscopy {#s2e}
----------------

Enucleated eyes were fixed in 0.1 M sodium cacodylate buffer (pH 7.4) containing 2% formaldehyde and 2.5% glutaraldehyde. The tissues were then osmicated, dehydrated though a graded ethanol series, and embedded in epoxy resin (Embed-812/DER73 Epon kit; Electron Microscope Services, Hatfield, PA, USA). Semi-thin sections (0.8 μm) were cut along the horizontal meridian through the optic nerve and stained with 1% toluidine blue O for evaluation. Low magnification photomicrographs were taken of sections traversing the optic nerve. The distance from the outer limiting membrane (OLM) to the inner limiting membrane (ILM) was measured in three sections per animal and averaged for a minimum of three animals per group using ImageJ software. Higher magnification photomicrographs were taken 250 μm from the optic nerve, and the length of the outer segment (OS), inner segment (IS), and outer nuclear layer (ONL) were measured in three equidistant areas per section per animal. Thickness of RPE was also measured at ×100 magnification from three sections of each mouse. To assess melanosome density, RPE cells from the inferior retina were bisected into apical and basolateral areas and total melanosomes were counted within each space and throughout the apical processes that extended into the outer segments. Melanosome density is presented as melanosomes within each area, and does not include melanosomes found outside of the apical RPE cell membrane. Nearest neighbor analysis was performed on ×40 images of the ONL using ImageJ software.

Statistical Analysis {#s2f}
--------------------

For all analyses (except relative amplitude comparisons), data were compiled as average ±SEM or SD as indicated, and statistics were performed using nonrepeated measures, 2-way ANOVA with Tukey post-hoc analysis on graphing software (GraphPad Prism 6; GraphPad, Inc., La Jolla, CA, USA). Statistical significance was determined by achieving a *P* value for both the ANOVA and multiple comparisons test below 0.05. To normalize the amplitude of the slow PIII, c-wave, and fast oscillation to that of the mean control response, the amplitude of each individual animal was compared to the average a-wave response and calculated as the relative amplitude. Relative amplitudes were then averaged and compared to the control average. Statistical significance for the relative amplitude was measured by unpaired Student\'s *t*-test and values of *P* ≤ 0.05 were considered significant. At least three animals per condition (CNTL and STZ) per time point were used for all experiments.

Results {#s3}
=======

To determine if Müller glia exhibit an increased slow PIII response that contributed to the reduction in the c-wave at early time points following the onset of hyperglycemia, we employed *Nyx^nob^* mice that reveal the slow PIII component in the ERG waveform due to a null mutation in the nyctalopin gene.^[@i1552-5783-57-7-3496-b45]^ Type 1 diabetes was induced in *Nyx^nob^* mice by injection with STZ and we assessed retinal histology and the ERG at 1, 2, and 4 weeks following the onset of diabetes ([Fig. 1](#i1552-5783-57-7-3496-f01){ref-type="fig"}A). At 2 and 4 weeks, STZ mice displayed slightly lower body weight compared with controls (*n* ≥ 5 for each group; ANOVA, *P* = 0.012; Tukey, \**P* ≤ 0.05; [Fig. 1](#i1552-5783-57-7-3496-f01){ref-type="fig"}B). Significantly elevated levels of blood glucose (≥250 mg/dL) were observed in STZ mice throughout the testing period (ANOVA, *P* \< 0.0001; Tukey, \*\*\**P* \< 0.0001; *n* ≥ 5 for each group; [Fig. 1](#i1552-5783-57-7-3496-f01){ref-type="fig"}C). Because slow PIII is severely abrogated in *Kir4.1^−/−^* mice^[@i1552-5783-57-7-3496-b48]^ and changes in localization and expression of Kir4.1 have been documented in rodent models of diabetes,^[@i1552-5783-57-7-3496-b06],[@i1552-5783-57-7-3496-b07],[@i1552-5783-57-7-3496-b49]^ we assessed retinal Kir4.1 levels by Western blot ([Fig. 1](#i1552-5783-57-7-3496-f01){ref-type="fig"}D). No significant difference was identified at the time points evaluated.

![Streptozotocin-injected *Nyx^nob^* mice are hyperglycemic. (**A**) Schematic illustrating the time course of STZ injections and ERG testing paradigms for *Nyx^nob^* mice. Both males and females were utilized. (**B**) Body weight was measured at baseline and at the time of each testing period (*n* ≥ 5). (**C**) Systemic nonfasting blood glucose levels were measured at each time point. Values ≥250 mg/dL were considered diabetic (*n* ≥ 3). (**D**) *Top*: representative Western blot analysis of retinal lysates from STZ and CNTL mice at each time point. *Bottom*: quantification of Kir4.1 levels relative to GAPDH (*n* ≥ 2 for each group). For all panels, data points indicate the average ±SEM. \**P* ≤ 0.05. \*\*\**P* ≤ 0.0001 between CNTL and STZ by 2-way ANOVA with Tukey\'s post-hoc analysis.](i1552-5783-57-7-3496-f01){#i1552-5783-57-7-3496-f01}

Electroretinography {#s3a}
-------------------

Strobe flash ERGs were recorded from CNTL and STZ-*Nyx^nob^* mice at 1, 2, and 4 weeks following onset of hyperglycemia. Representative waveforms elicited in response to 3 of the 10 stimuli are depicted in [Figure 2](#i1552-5783-57-7-3496-f02){ref-type="fig"}A. The main components of the strobe flash ERG of *Nyx^nob^* mice include the a-wave and slow PIII (labeled in [Fig. 2](#i1552-5783-57-7-3496-f02){ref-type="fig"}A). Statistically significant reductions to the a-wave were not observed over the time course evaluated ([Fig. 2](#i1552-5783-57-7-3496-f02){ref-type="fig"}B). Significant reductions to the slow PIII amplitude of STZ mice were identified at 2 and 4 weeks following onset of diabetes ([Figs. 2](#i1552-5783-57-7-3496-f02){ref-type="fig"}A, [2](#i1552-5783-57-7-3496-f02){ref-type="fig"}C; [2](#i1552-5783-57-7-3496-f02){ref-type="fig"}-way ANOVA, \*\**P* ≤ 0.0004; Tukey, \**P* ≤ 0.05, \*\**P* ≤ 0.001, *n* ≥ 5). To normalize slow PIII to the mean control a-wave response, relative values of each were plotted ([Fig. 2](#i1552-5783-57-7-3496-f02){ref-type="fig"}D). The diagonal line indicates a proportional change in the slow PIII and a-wave amplitude. We found that all points fall below the diagonal line, indicating that the reductions to slow PIII were not proportional to the a-wave amplitude. One week after diabetes onset, the relative slow PIII is reduced to a greater extent than the relative a-wave ([Fig. 2](#i1552-5783-57-7-3496-f02){ref-type="fig"}D, the black diamond \[1-week post-diabetes onset\] falls below the diagonal line). At 2 and 4 weeks, the relative slow PIII reduction was significantly greater than the relative a-wave reduction ([Fig. 2](#i1552-5783-57-7-3496-f02){ref-type="fig"}D, Student\'s *t*-test, \**P* ≤ 0.05, \*\**P* ≤ 0.001, gray and white diamonds). These data demonstrate that slow PIII did not exhibit increased amplitude at any time point following onset of hyperglycemia. Moreover, it was consistently affected to a greater degree than the a-wave throughout the testing period.

![Diabetic *Nyx^nob^* mice exhibit reduced slow PIII and a-wave amplitudes. (**A**) Averaged strobe flash ERG responses at 1, 2, and 4 weeks following onset of diabetes in response to −2.4, −0.6, and 1.4 log scot cd/m^2^ flashes. Control waveforms are in *black*, STZ-injected waveforms in *gray. Scale bar*: 200 μV/50 ms. (**B**) Amplitudes of a-waves obtained in response to increasing stimulus strength (−0.6 to 2.1 log scot cd/m^2^). (**C**) Average slow PIII amplitudes obtained in response to −2.4, −0.6, and 1.4 log scot cd/m^2^ flashes. \**P* ≤ 0.05. \*\**P* ≤ 0.005 between CNTL and STZ by 2-way ANOVA with Tukey\'s post-hoc analysis. (**D**) Relative change in a-wave and slow PIII amplitudes elicited by the 1.4 log scot cd/m^2^ stimulus observed in STZ mice plotted relative to the CNTL average response to the same stimulus. The *diagonal line* indicates an equivalent reduction in a-wave and slow PIII amplitudes. Data points indicate the average ±SEM. \**P* ≤ 0.05. \*\**P* ≤ 0.001 by Student\'s *t*-test.](i1552-5783-57-7-3496-f02){#i1552-5783-57-7-3496-f02}

The direct-current coupled ERG is composed of four main components generated secondary to rod photoreceptor activity^[@i1552-5783-57-7-3496-b24],[@i1552-5783-57-7-3496-b50]^ (labeled on [Fig. 3](#i1552-5783-57-7-3496-f03){ref-type="fig"}A). The initial positive polarity c-wave is the most reproducible and robust component and reflects the sum of slow PIII and a hyperpolarization of the apical RPE membrane. In our earlier study,^[@i1552-5783-57-7-3496-b23]^ STZ-injected C57BL/6J mice displayed reductions in c-wave amplitude in the absence of reductions to the rod photoreceptor derived a-wave. This is the same pattern we found in the *Nyx^nob^* mouse. Significant reductions to the c-wave of the STZ-*Nyx^nob^* mice were likewise identified at 1 week post onset of hyperglycemia and continued throughout the testing period ([Figs. 3](#i1552-5783-57-7-3496-f03){ref-type="fig"}A, [3](#i1552-5783-57-7-3496-f03){ref-type="fig"}B; ANOVA, *P* ≤ 0.0001; Tukey, \**P* ≤ 0.05, \*\**P* ≤ 0.001, \*\*\**P* ≤ 0.0001; *n* ≥ 5). We previously determined that the relative c-wave amplitude was correlated with degree of hyperglycemia.^[@i1552-5783-57-7-3496-b23]^ When we analyzed the c-wave amplitude as a function of blood glucose concentration in *Nyx^nob^* mice, we found that there was no significant correlation as blood glucose concentrations were consistent throughout the testing period ([Fig. 3](#i1552-5783-57-7-3496-f03){ref-type="fig"}C). We next sought to determine if the c-wave was affected to a greater extent than the a-wave or slow PIII by plotting the relative mean c-wave as a function of each. As observed with the slow PIII response, the relative c-wave was affected prior to and to a greater extent than the a-wave as each point fell below the diagonal line ([Fig. 3](#i1552-5783-57-7-3496-f03){ref-type="fig"}D, Student\'s *t*-test, \**P* ≤ 0.05, \*\**P* ≤ 0.001). The c-wave was also initially affected prior to and to a greater extent than slow PIII at 1 week as the black diamond fell below the diagonal line ([Fig. 3](#i1552-5783-57-7-3496-f03){ref-type="fig"}E, Student\'s *t*-test, \**P* ≤ 0.05). However, the c-wave and slow PIII were equivalently reduced at 2 and 4 weeks as the gray and white diamonds fell along the line ([Fig. 3](#i1552-5783-57-7-3496-f03){ref-type="fig"}E). These data demonstrate that the initial reduction to the c-wave as a result of diabetes is: (1) not caused by an *increase* in absolute value of the negative slow PIII amplitude; (2) occurs prior to significant reductions in slow PIII amplitude; and (3) is initially affected to a greater extent than slow PIII.

![Diabetic *Nyx^nob^* mice display reduced c-wave amplitudes prior to and of a greater extent than a-wave and slow PIII reductions. (**A**) Representative dc-ERG waveforms from *Nyx^nob^* mice at 1, 2, and 4 weeks of diabetes. (**B**) Average c-wave amplitude at each time point. (**C**) Relative c-wave amplitude plotted as a function of systemic blood glucose level. (**D**) Relative c-wave amplitude plotted as a function of the relative a-wave elicited by the 1.4 log scot cd/m^2^ stimulus at each time point. (**E**) Relative c-wave amplitude plotted as a function of the relative slow PIII amplitude in response to a 1.4 log scot cd/m^2^ light stimulus. (**F**) Average fast oscillation amplitude at each time point. (**G**) Average off-response amplitude at each time point. (**H**) Relative fast oscillation amplitude plotted as a function of the relative a-wave elicited in response to the 1.4 log scot cd/m^2^ light stimulus. (**I**) Relative fast oscillation amplitude plotted as a function of the relative slow PIII amplitude in response to a 1.4 log scot cd/m^2^ light stimulus. (**B**, **F**, **G**) \**P* ≤ 0.05. \*\**P* ≤ 0.005. \*\*\**P* ≤ 0.0001 by 2-way ANOVA with Tukey\'s post-hoc analysis. (**D**, **E**, **H**, **I**) \**P* ≤ 0.05. \*\**P* ≤ 0.001 by Student\'s *t*-test.](i1552-5783-57-7-3496-f03){#i1552-5783-57-7-3496-f03}

We additionally observed a significant reduction in the fast oscillation of *Nyx^nob^*-STZ mice at 2 weeks following onset of diabetes ([Figs. 3](#i1552-5783-57-7-3496-f03){ref-type="fig"}A, [3](#i1552-5783-57-7-3496-f03){ref-type="fig"}F; ANOVA, *P* ≤ 0.0001; Tukey, \*\**P* \< 0.001; *n* ≥ 5), which was consistent with our previous findings from STZ-injected C57BL/6J mice.^[@i1552-5783-57-7-3496-b23]^ This parameter is also more significantly affected than the a-wave at 2 and 4 weeks as the gray and white diamonds fell below the diagonal line ([Fig. 3](#i1552-5783-57-7-3496-f03){ref-type="fig"}H, Student\'s *t*-test, \**P* ≤ 0.05, \*\**P* ≤ 0.001) and more significantly affected than the slow PIII at 2 weeks ([Fig. 3](#i1552-5783-57-7-3496-f03){ref-type="fig"}I; Student\'s *t*-test, \**P* ≤ 0.05). The light peak was not significantly reduced. The off-response had a trend for reduction ([Figs. 3](#i1552-5783-57-7-3496-f03){ref-type="fig"}A, [3](#i1552-5783-57-7-3496-f03){ref-type="fig"}G; ANOVA, *P* ≤ 0.05); however, this measure did not reach statistical significance by Tukey\'s post-hoc analysis). Because the fast oscillation, light peak, and off-response were reduced, but in a different time frame and to different degrees than the reduction to the c-wave, our data demonstrate that an overall reduction in membrane potential is not the cause of the altered dc-ERG response.

Histology {#s3b}
---------

It has been noted that cone photoreceptors, the inner retina,^[@i1552-5783-57-7-3496-b51]^ and the RPE are particularly susceptible to hyperglycemia.^[@i1552-5783-57-7-3496-b52],[@i1552-5783-57-7-3496-b53]^ Moreover, diabetic rats exhibit increased retinal thickness and water content, representative of diffuse central edema.^[@i1552-5783-57-7-3496-b54]^ Therefore, we assessed morphology of the outer retina and RPE of CNTL and STZ-*Nyx^nob^* mice by analyzing histology of semi-thin sections ([Fig. 4](#i1552-5783-57-7-3496-f04){ref-type="fig"}A). No difference in overall length of the retina from the outer limiting membrane to the inner limiting membrane or in the IS length was observed ([Figs. 4](#i1552-5783-57-7-3496-f04){ref-type="fig"}B, [4](#i1552-5783-57-7-3496-f04){ref-type="fig"}C, respectively). We observed a trend for a slightly smaller OS length in STZ retinas compared with CNTLs, which was significant at 1 week ([Fig. 4](#i1552-5783-57-7-3496-f04){ref-type="fig"}D; ANOVA, *P* ≤ 0.0001; Tukey \*\*\**P* \< 0.0001; *n* ≥ 3 for each group). We observed a complementary trend for a slightly larger ONL length in STZ retinas ([Fig. 4](#i1552-5783-57-7-3496-f04){ref-type="fig"}E; ANOVA, *P* = 0.0062; Tukey, not significant). Despite the change in ONL length, no difference was found in the number of rod photoreceptor nuclei per column unit ([Fig. 4](#i1552-5783-57-7-3496-f04){ref-type="fig"}F). The inverse relationship between the change to the OS and ONL are thought to account for lack of an overall difference in OLM-ILM length. Further visual observation of the semi-thin sections led to a general assessment that the photoreceptor nuclei in STZ-injected animals were spaced farther apart than in the CNTLs. We performed a nearest neighbor analysis and found a trend for an increase in distance at 4 weeks which did not meet statistical significance by 2-way ANOVA ([Fig. 4](#i1552-5783-57-7-3496-f04){ref-type="fig"}G).

![Diabetic *Nyx^nob^* mice exhibit normal retinal morphology. (**A**) Representative micrographs from semi-thin sections of CNTL and STZ retinas spanning the optic nerve. *Scale bar*: 20 μm, (**B**) Distance from the OLM to the ILM was measured 250, 500, and 1000 μm on the inferior and superior sides of the optic nerve. (**C**--**E**) Length of the IS, OS, and ONL was measured at each time point. \*\*\**P* ≤ 0.0001 by 2-way ANOVA with Tukey\'s post-hoc analysis. (**F**) Rod nuclei per column were measured and averaged at each time point. (**G**) Nearest neighbor analysis of rod photoreceptor nuclei within the ONL.](i1552-5783-57-7-3496-f04){#i1552-5783-57-7-3496-f04}

Cone photoreceptor damage has been observed in other rodent models of diabetes and in zebrafish.^[@i1552-5783-57-7-3496-b51][@i1552-5783-57-7-3496-b52]--[@i1552-5783-57-7-3496-b53],[@i1552-5783-57-7-3496-b55][@i1552-5783-57-7-3496-b56][@i1552-5783-57-7-3496-b57][@i1552-5783-57-7-3496-b58]--[@i1552-5783-57-7-3496-b59]^ To determine if a change in cone number could account for the increased spacing in the ONL, we measured cone density by PNA staining of retinal flat-mounts ([Figs. 5](#i1552-5783-57-7-3496-f05){ref-type="fig"}A, [5](#i1552-5783-57-7-3496-f05){ref-type="fig"}B) and by counting cone photoreceptors/field of view as identified by nuclear morphology in toluidine blue stained semi-thin sections ([Fig. 5](#i1552-5783-57-7-3496-f05){ref-type="fig"}E, red arrows; [Fig. 5](#i1552-5783-57-7-3496-f05){ref-type="fig"}F). No differences in either parameter were identified. To measure connectivity in the inner retina we also counted cone pedicles in PNA-stained cryosections ([Figs. 5](#i1552-5783-57-7-3496-f05){ref-type="fig"}C, [5](#i1552-5783-57-7-3496-f05){ref-type="fig"}D). No significant difference was found between groups.

![Diabetic *Nyx^nob^* mice have normal cone density. (**A**) Representative retinal flat-mount prepared and stained with PNA. *Scale bar*: 100 μm. (**B**) Peanut agglutinin--positive cells/field in each of four petals per flat-mount were counted using ImageJ analysis. (**C**) Representative cryosection stained with PNA (*red*) and counterstained with DAPI (*blue*). (**D**) Cone pedicles (*white arrow*) were counted using ImageJ analysis. (**E**) Representative micrograph from a semi-thin section spanning the optic nerve used for counting cone nuclei (red arrowheads). *Scale bar* (**C**, **E**): 20 μm. (**F**) Cone nuclei per field were counted and averaged.](i1552-5783-57-7-3496-f05){#i1552-5783-57-7-3496-f05}

These data demonstrate that the overt structure of the retina was normal in CNTL and STZ-*Nyx^nob^* mice through 4 weeks of hyperglycemia. However, at each time point analyzed, we noted prominent differences in the RPE of CNTL and STZ mice. First, from the toluidine blue stained semi-thin sections, we observed an increase in RPE thickness (measured from the basolateral to apical membrane) in STZ mice compared with CNTLs ([Figs. 6](#i1552-5783-57-7-3496-f06){ref-type="fig"}A, [6](#i1552-5783-57-7-3496-f06){ref-type="fig"}B, red double-headed arrows; ANOVA, *P* = 0.0019; Tukey, not significant; *n* ≥ 3). To determine if RPE cells were larger in area, flat-mounts of isolated RPE sheets were prepared and stained with phalloidin (representative image, [Fig. 6](#i1552-5783-57-7-3496-f06){ref-type="fig"}C). However, no statistical differences in RPE cell area were identified in medial ([Fig. 6](#i1552-5783-57-7-3496-f06){ref-type="fig"}D) or peripheral ([Fig. 6](#i1552-5783-57-7-3496-f06){ref-type="fig"}E) areas. In addition to changes in RPE thickness, the distribution of melanosomes within the RPE appeared different between CNTL and STZ mice ([Fig. 6](#i1552-5783-57-7-3496-f06){ref-type="fig"}A, red arrowheads, [Fig. 6](#i1552-5783-57-7-3496-f06){ref-type="fig"}F). At each time point, we observed a trend for a reduction in melanosome density in the basolateral region of the RPE ([Fig. 6](#i1552-5783-57-7-3496-f06){ref-type="fig"}F; ANOVA, *P* = 0.0096; Tukey, not significant; *n* ≥ 3) and an increase in density of melanosomes within the apical half of the RPE cells ([Fig. 6](#i1552-5783-57-7-3496-f06){ref-type="fig"}F; ANOVA, *P* = 0.003; Tukey, \**P* \< 0.05; *n* ≥ 3). The total density of melanosomes was not significantly different. In addition to a general increase in density within the apical region of the RPE cell, we found a trend for an increase in the number of melanosomes located in the apical processes and/or outside of the RPE cells themselves ([Fig. 6](#i1552-5783-57-7-3496-f06){ref-type="fig"}G; ANOVA, *P* = 0.043; Tukey, not significant, *n* ≥ 3).

![Diabetic *Nyx^nob^* mice have enlarged RPE thickness and altered melanosome distribution. (**A**) Representative micrographs from semi-thin sections used to analyze the RPE. *Scale bar*: 10 μm. *Red, double-headed arrows* denote RPE thickness and *red arrowheads* indicate melanosomes located outside the RPE. (**B**) Thickness of RPE was measured from semi-thin sections \**P* ≤ 0.05. \*\**P* ≤ 0.005. \*\*\**P* ≤ 0.0001 by 2-way ANOVA with Tukey\'s post-hoc analysis. (**C**) Representative RPE flat-mount prepared and stained with phalloidin. *Scale bar*: 10 μm. (**D**--**E**) Area of RPE was measured from medial and peripheral regions (relative to the optic nerve) in each of four petals from each RPE flat-mount. (**F**) Melanosomes were counted within bisected apical and basolateral areas identified from micrographs of semi-thin sections of the inferior RPE. Melanosome density was determined from the total area and each bisected region. *Bottom*: apical (ap). *Top*: basolateral (bl). (G) Melanosomes found outside of the RPE, in the subretinal space and between outer segments, were counted and averaged for each field.](i1552-5783-57-7-3496-f06){#i1552-5783-57-7-3496-f06}

Discussion {#s4}
==========

We previously reported that the c-wave was smaller in STZ-injected C57BL/6J mice compared with controls at 2 and 4 weeks.^[@i1552-5783-57-7-3496-b23]^ As noted, the c-wave reflects the summed hyperpolarization of the apical RPE membrane and the negative slow PIII. Wu et al.^[@i1552-5783-57-7-3496-b34]^ demonstrated that *Kir4.1^+/−^/Nyx^nob^* mice have elevated c-wave amplitudes compared with wild-type *Kir4.1^+/+^/Nyx^nob^* mice, thus showing that a selective reduction of slow PIII will lead to an increase in the corneal c-wave. In Sprague Dawley rats injected with STZ, decreased levels of Kir4.1 have been found at 4 weeks post-hyperglycemia onset.^[@i1552-5783-57-7-3496-b49]^ However, we found by Western blot that retinal Kir4.1 levels were unchanged in STZ-*Nyx^nob^* mice through the 4-week time point. We therefore hypothesized that increased slow PIII amplitudes could underlie the reduction to the amplitude of the c-wave. By exploiting the characteristic ERG waveform of the *Nyx^nob^* mouse, we demonstrated that Müller glia exhibit smaller slow PIII responses as early as 1 week following the onset of hyperglycemia. These responses occur before photoreceptor activity is decreased and are of a greater extent than a-wave reductions at later times ([Fig. 2](#i1552-5783-57-7-3496-f02){ref-type="fig"}). This is also when no apparent insult to bipolar cell function can be identified.^[@i1552-5783-57-7-3496-b23]^ Although it is possible that fast PIII can contribute to the waveform at 100 ms, we previously demonstrated that slow PIII and c-wave responses are resilient to the progressive degeneration and loss of photoreceptors as observed in *Nyx^nob^Prph^Rd2/+^* mice.^[@i1552-5783-57-7-3496-b38]^

Importantly, the c-wave is reduced in the diabetic mice as early as 1 week following onset of hyperglycemia ([Fig. 3](#i1552-5783-57-7-3496-f03){ref-type="fig"}). As we have shown here that the slow PIII is also smaller in STZ mice compared with CNTLs ([Fig. 2](#i1552-5783-57-7-3496-f02){ref-type="fig"}), we can conclude that changes in slow PIII do not account for the reduction in the c-wave, in timing, or direction. Moreover, the rod photoreceptor response, reflected in the a-wave amplitude, also does not account for the reduction to the c-wave ([Fig. 2](#i1552-5783-57-7-3496-f02){ref-type="fig"}A, [2](#i1552-5783-57-7-3496-f02){ref-type="fig"}C). Because a-wave amplitudes are not reduced, it is unlikely that the reduced RPE response is caused by an overall reduction in \[K^+^\] within the subretinal space. Therefore, the changes in the light-evoked responses of the RPE as a result of diabetes are most likely due to early changes in the RPE itself. This notion is supported by early histological changes observed in the RPE.

In addition to reductions to the c-wave, the other components of the dc-ERG, including the negative polarity fast oscillation, the light peak, and the off-response, also displayed a trend for decreased amplitudes ([Fig. 3](#i1552-5783-57-7-3496-f03){ref-type="fig"}), correlating with our previous studies of mouse models of type 1 and 2 diabetes.^[@i1552-5783-57-7-3496-b23]^ Each of the dc-ERG components is derived from changes in ion conductance and membrane potential across the RPE.^[@i1552-5783-57-7-3496-b24],[@i1552-5783-57-7-3496-b60][@i1552-5783-57-7-3496-b61][@i1552-5783-57-7-3496-b62][@i1552-5783-57-7-3496-b63][@i1552-5783-57-7-3496-b64][@i1552-5783-57-7-3496-b65][@i1552-5783-57-7-3496-b66][@i1552-5783-57-7-3496-b67]--[@i1552-5783-57-7-3496-b68]^ Importantly, although each dc-ERG component is generated secondarily to rod photoreceptor activation^[@i1552-5783-57-7-3496-b24]^ the dc-ERG alterations were observed at the earliest periods in diabetes, before statistically significant changes to the a-wave were identified.^[@i1552-5783-57-7-3496-b23]^ Therefore, it is likely that alterations in ion channel expression and/or conductance, or the mechanisms by which these channels are inserted into or maintained within the RPE membrane, underlie the defects in the dc-ERG.

Our physiological data is coupled with new detailed findings to outer retina histology. Notably, we documented altered melanosome distribution in the RPE of STZ mice ([Fig. 6](#i1552-5783-57-7-3496-f06){ref-type="fig"}). These data are intriguing as they point toward an alteration in the cellular transport processes with the RPE. Although melanosomes within the RPE of mammals do not undergo a significant redistribution with light onset as observed with fish and amphibians, they have been shown to move into and out of apical processes.^[@i1552-5783-57-7-3496-b69]^ Within the inferior retina of C57BL/6J mice, melanosomes maintain a slightly more basal localization,^[@i1552-5783-57-7-3496-b70]^ regardless of light adaptation. Here we observe significantly more melanosomes in the apical region of the inferior RPE and within the apical processes that interdigitate with the OS. Melanosome transport is regulated by Rab27a in a Na-K-ATPase dependent manner.^[@i1552-5783-57-7-3496-b71]^ Importantly, a marked decrease in Na-K-ATPase activity in the diabetic RPE has been documented.^[@i1552-5783-57-7-3496-b26],[@i1552-5783-57-7-3496-b72]^ Furthermore, melanosome location is also regulated by Myo7a, which plays an important role in the visual cycle by regulating translocation of RPE65.^[@i1552-5783-57-7-3496-b73]^ Of significant interest in this regard is new data suggesting that inhibition of the visual cycle by retinylamine prevents vascular and neuroretinal damage associated with diabetic retinopathy.^[@i1552-5783-57-7-3496-b21]^ Each of these findings suggests that general cell biology in the diabetic RPE is perturbed.

Our study also documents trends for increased RPE thickness ([Fig. 6](#i1552-5783-57-7-3496-f06){ref-type="fig"}) and ONL length, and in spatial distribution of ONL nuclei by nearest neighbor analysis ([Fig. 4](#i1552-5783-57-7-3496-f04){ref-type="fig"}). Alterations in RPE histology in diabetic rodents have been previously identified.^[@i1552-5783-57-7-3496-b52],[@i1552-5783-57-7-3496-b72],[@i1552-5783-57-7-3496-b74]^ However, our findings come on the heels of recent studies that help to shed some light on the etiology of our observed pathology. A primary role of both cell types is to regulate subretinal (RPE) and inner retina (Müller glia) fluid transport. Numerous experimental models of diabetes display defects in fluid transport across the RPE membranes,^[@i1552-5783-57-7-3496-b26],[@i1552-5783-57-7-3496-b75][@i1552-5783-57-7-3496-b76][@i1552-5783-57-7-3496-b77]--[@i1552-5783-57-7-3496-b78]^ which has been suggested to play a role in pathogenesis of retinopathy. Indeed, isolated human RPE cells grown in high glucose media exhibit a 50% reduction in the regulatory volume increase compared with controls. This is hypothesized to be due to dysfunction of Na^+^/H^+^ and Cl^−^/HCO^−^~3~ antiporters.^[@i1552-5783-57-7-3496-b75]^ It has recently been suggested that insufficient fluid transport associated with diabetes is responsible for diabetic retinal edema, as diabetic mice do not display light-dependent increases in the SRS-apparent diffusion coefficient.^[@i1552-5783-57-7-3496-b19]^ Moreover, diabetic rats displayed increased retinal thickness and retinal water volume.^[@i1552-5783-57-7-3496-b54]^ Although we find no overt evidence of edema at 4 weeks of diabetes, we did observe an increase in outer segment length at 1 week and an increase in RPE thickness at each time point evaluated, displaying the possibility for insufficient or faulty fluid transport out of the retina by RPE cells.

Other recent reports point toward alternate mechanisms for disruptions in fluid/ion transport. New evidence revealed that the transient receptor potential isoform 4 (TRPV4) works in conjunction with aquaporin 4 (AQP4) to regulate cell volume in retinal Müller glia.^[@i1552-5783-57-7-3496-b79]^ Intriguingly, AQP4 has also been shown to be expressed in human fetal RPE cells^[@i1552-5783-57-7-3496-b80]^ and recently, so has TRPV4.^[@i1552-5783-57-7-3496-b81]^ Given the changes to ONL length, and an obvious increase in space between rod nuclei columnar units in the STZ-*Nyx^nob^* mice, it is possible that AQP4 and TRPV4 are not functioning at complete capacity to induce subretinal and RPE swelling. Of note is the recent observation that TRPV4 is also downregulated on retinal microvascular endothelial cells in response to hyperglycemia/diabetes^[@i1552-5783-57-7-3496-b82]^ and may play a significant role in the development of diabetic macular edema, irrespective of its expression on the RPE or Müller glia. These hypotheses warrant further investigations.

Herein we have identified novel changes to outer retina of STZ-treated *Nyx^nob^* mice by electrophysiology and histology. These data enhance our knowledge of the defects to the outer retina at very early time points following the onset of hyperglycemia. Hyperglycemia is known to induce the dysfunction of multiple retinal cell types prior to the development of microvascular damage.^[@i1552-5783-57-7-3496-b14],[@i1552-5783-57-7-3496-b83]^ Photoreceptors, the photosensitive cells of the retina, have recently been implicated in the development of vascular disease within the retina as a result of diabetes.^[@i1552-5783-57-7-3496-b53]^ However, it is not entirely clear if the progression from nonproliferative diabetic retinopathy to the downstream blinding pathologies of neovascularization and diabetic retinal edema is due to hyperglycemia itself or instead, from the maladaptive responses of inflammation and oxidative stress that occur after chronic hyperglycemia. Nevertheless, outer retinal cells display functional (ERG) defects almost immediately following onset of hyperglycemia and those consequences are long-lasting.^[@i1552-5783-57-7-3496-b23],[@i1552-5783-57-7-3496-b56],[@i1552-5783-57-7-3496-b84][@i1552-5783-57-7-3496-b85]--[@i1552-5783-57-7-3496-b86]^ Here and previously, we find that alterations in physiology of the Müller glia and RPE occur prior to the earliest detectable signs of altered physiology in photoreceptors. Thus, dysfunction of the cells which support photoreceptors may be the primary target for therapeutic intervention.
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